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Graphene has been intensively explored for applications in electronics, photonics, and optoelectronics. 1, 2 Particularly, the high mobility of charge carriers renders graphene a promising candidate for high-speed field-effect transistors (FETs). [3] [4] [5] Central to the FET performance is the capability to control the electron and hole density through a capacitively coupled gate. The presence of spatial charge inhomogeneity in graphene revealed by previous scanning probe studies, [6] [7] [8] however, can play a critical role in determining the FET device characteristics. Recently, graphene nanoribbon-based FETs (Refs. 9-11) have attracted much interest due to the enhanced device on/off ratio originating from the presence of a bandgap. Previous studies also have revealed disorder-induced localized states in these nanostructures. [12] [13] [14] [15] In all cases, an understanding of how microscopic spatial charge inhomogeneity and localized electron states affect global device characteristics is critical to advancing graphene FET technologies.
Here, we use scanning gate microscopy to probe local transconductance in graphene nanoribbon (GNR) FETs, fabricated from chemical vapor deposition (CVD)-grown graphene. Significant spatial variations of the transconductance were observed in GNR. These variations have dimensions on the nanometer scale ( 100 nm, resolution limited). Impurities at or close to the GNR edges were suggested to be the possible origin. Our studies show that a single such impurity site in a long-channel ($2 lm) GNR FET can play a dominant role in determining device performance. These results signify the importance of controlling the spatial variations of electronic properties in graphene and related nanostructures in order to realize their envisioned applications in new electronics.
Large-area graphene was grown by the CVD method on copper foils, and the growth details can be found in Ref. 16 . Transmission electron microscopy studies 17 have shown that this CVD growth yields predominantly single-layer graphene, which is polycrystalline with an average grain size of 250 nm. The graphene was transferred to SiO 2 (280 nm thick)/Si substrates. FET structures with a narrow nanoribbon channel connected to two large-area graphene electrodes were patterned by e-beam lithography of a negative-tone resist (HSQ), followed by O 2 plasma etching of the unprotected graphene area. The resist was then removed by HF etching. The nominal width of the GNR channel is $100 nm and the length is $2 lm. Au contacts were fabricated on graphene electrodes via conventional photolithography and metallization processes. The heavily doped Si substrate acts as the back gate to the transistors. A scanning electron microscopy image of a typical device is shown in Fig. 1(a) .
Raman spectroscopy, with the excitation provided by a 442 nm laser emission, was used to characterize the structural properties of the graphene. Fig. 1(b) shows a typical spectrum obtained from the large-area graphene. For CVD graphene, the G to 2D peak intensity ratio, I G /I 2D , is a good indicator of the layer thickness. 18 Here, I G /I 2D is $0.28, close to that ($0.2) observed in single-layer CVD graphene. 18 The 2D peak (open circles) can be fitted by a single Lorentzian function [ Fig. 1(c) ] with a full-width-halfmaximum of $38 cm
À1
, which also corresponds to the typical value ($35 cm
) obtained in single-layer CVD graphene. 18 Therefore, the Raman results indicate the singlelayer nature of our CVD graphene. The 2D peak (solid circles) from the nanoribbon channel can be also fitted with a single Lorentzian peak. The broadening of FWHM ($55 cm
) than that of large-area graphene agrees with previous reports. 19 The global backgate transfer curve 20 I d (drain current) as a function of V BG (backgate voltage) with a drain-source voltage of 0.5 V, is shown in the inset to Fig. 1(a) . I d decreases as V BG increases, suggesting that the graphene is hole-doped and that the neutrality point is beyond 20 V. The surface potential profile across the FET, plotted in Fig. 1(d) , shows that the applied drain-source bias across the graphene electrodes mostly drops along the GNR, so the global gate response is expected to originate predominantly from the GNR.
To further understand the FET transfer characteristics, scanning gate microscopy (SGM) measurements, with the schematics shown in Fig. 2(a) , were conducted at room temperature in ambient air using an atomic force microscope (AFM). Cr/Pt coated probes (BudgetSensors ElectriMulti75) with the nominal radius <25 nm were used. The SGM was conducted in a non-contact mode with a tip-sample distance of $10 nm. An AC voltage (V tip ), with a typical modulation magnitude of 250 mV and a frequency of $5 kHz, was applied to the probe during the raster scan across the device region. This biased probe acted as a local gate, and the local transconductance g m , defined as @I d /@V tip , was recorded using a lock-in amplifier.
A typical SGM image, shown in Fig. 2(b) , reveals spatial variations of local transconductance, g m , along the GNR with two prominent areas (D1 and D2) that have a significantly larger g m . We have studied several devices, and the presence of these areas, usually in groups of two or more, was consistently observed, as shown in Figs. 2(c) and 2(d) for two additional devices. Previous SGM studies have revealed similar features around defects on carbon nanotubes. 21 The presence of these areas was confirmed by scanning impedance microscopy (SIM) measurements. For SIM, an AC voltage with a frequency of $52 kHz was applied across the GNR, and the AFM cantilever oscillation amplitude at this frequency was recorded as the probe scanned across the GNR in the non-contact mode. This oscillation amplitude is a function of the local impedance on the sample. 22 The SIM image [ Fig. 3(a) ] clearly shows the D1 and D2 indicated by circles. The correlation between the SIM and SGM images can be seen in Figs. 3(a) and 3(b) .
Next we briefly discuss the possible origins of D1 and D2. In CVD graphene, grain boundaries can be a source of defects. Here, for a 2 lm long GNR with an average 250 nm grain size, one would expect $8 defects, more than we have observed. Moreover, it has been shown 17 that grain boundaries in graphene are not electrically resistive, in contrast to the significant impedance variations observed here at D1 and D2. Thus, grain boundaries may not be the origin. Previous studies 23, 24 have suggested that charged impurities in the SiO 2 substrate can create potential fluctuations and charge inhomogeneity in GNR channels. Additionally, edge roughness in lithographically defined GNRs, due to the O 2 plasma etching process, can introduce localized states at the GNR edges. 25, 26 Another type of edge-related defects originates from the substitution of the edge atoms by other impurities, and this can lead to n-or p-type doping of the GNR. 27 Here, the impedance map shows that D1 and D2 are located at or very close to the edges of the GNR channel, which implies edge-related effects. Indeed, we have observed edge roughness along the GNR, as shown by the AFM topography image [ Figure 3(c) ]. This roughness appears to be random along the GNR, as expected, and there does not seem to be a direct correlation between the edge roughness and locations of D1 and D2. This indicates that the edge roughness is unlikely to be the dominant origin of D1 and D2. Therefore, we propose that charged impurities that are located close to the GNR edges are the main origin. While it is very likely that charged impurities are also present underneath the GNR, our results suggest that those close to the GNR edges are the most electrically active, possibly due to a coupling between the impurities and the edge states. Further studies are required to reveal the exact nature of these impurities and are beyond the scope of this work.
Given the significant spatial variations of g m around the D1 and D2, an interesting and important issue is the role of these variations in determining the global gate characteristics. To gain insight into this subject, we measured g m while sweeping V BG , with the tip positioned at different locations marked on Fig. 2(b) . The tip was maintained at a constant height above the sample surface. 7, 28 For a direct comparison, the measured g m as a function of V BG , g m (V BG ), and the global-gate transconductance as a function of V BG , G (V BG ), were normalized via dividing them by the corresponding maximum absolute value of the transconductance. These curves are plotted in Figs. 4(a) and 4(b) . Particularly, the g m (V BG ) curve measured at D1 agrees very well with G (V BG ), while there is notably higher degree of deviation between G (V BG ) and g m (V BG ) measured at other locations. This indicates that the global gate characteristics are essentially determined by the gate response at D1. We note that the agreement between g m (V BG ) at D1 and G (V BG ) is better at more positive V BG .
More insights on the connection between g m and G can be obtained from the contour maps of g m , plotted in Figs. 5(a)-5(d) for various V BG . A common characteristic is that when the AFM probe is far away from D1 and D2, the contour lines generally conform to the shape of the GNR, indicating that, in this regime, the measured g m represents the averaged value from the entire GNR channel. In contrast, when the AFM probe moves closer to the GNR, the measured g m is dominated by the responses from D1 and D2, as the contour lines become centered on these sites. As V BG becomes more positive, the influence of D1 increases while that of D2 gradually disappears. With V BG ¼ 9 V, many contour lines are centered around D1, even when the AFM probe is far away from the GNR channel.
The radius of the contour circles around D1 and D2 can be used as an indication of their influence on G (V BG ). Particularly, it can be considered that, for a gate placed within this radius, the measured transconductance via this gate will be essentially controlled by that at D1 and/or D2. For D1, this influence radius increases from $120 nm at V BG ¼ À9 V to $1 lm at V BG ¼ 9 V, whereas for D2, this radius is $100 nm at V BG ¼ À9 V and disappears at V BG ¼ 9 V. We note that, at positive V BG (e.g., at 9 V) , this radius around D1 is larger than the oxide thickness (280 nm). Therefore, the transconductance measured using the back gate, G (V BG ), in this regime is controlled by g m (V BG ) at D1, as demonstrated in Fig. 4(a) . At negative V BG (e.g., at À9 V), this radius around D1 and D2 is still comparable to the oxide thickness when taking into account the difference in the dielectric constants of air and SiO 2 . Therefore, both D1 and D2 contribute to G (V BG ) in this regime, and G (V BG ) in this case is expected to be a weighted average of g m (V BG ) from both D1 and D2. This explains the presence of a certain degree of deviation of the g m (V BG ) at D1 from G (V BG ) at negative V BG , shown in Fig. 4(a) , although D1 still seems to dominate the G (V BG ).
In summary, we have used scanning gate microscopy to probe the local transconductance in graphene nanoribbon field-effect transistors fabricated from CVD-grown graphene. Particularly, significant spatial variations of the transconductance, with the dimensions on the nanometerscale, were found along the FET channel. Our results suggest that these variations are due to the impurities located at or very close to the ribbon edges. By comparing the local and global field effect characteristics, we have shown that that a single impurity site characterized by significant transconductance spatial variations can dominate the global device characteristics. Our results suggest that the capability to control the spatial inhomogeneity of structural and electronic properties in graphene is critical to realizing envisioned applications. To this end, scanning gate microscopy is a valuable tool for providing insight into the relative impact of spatial inhomogeneity of various properties on graphene-based device characteristics.
